We argue that the signals expected from the evaporation of mini black holes -predicted in TeV-scale gravity models with large extra dimensions, and possibly produced in ultra high energy collisions in the atmosphere -are quite similar to the characteristics of the Centauro events, an old mystery of cosmic-ray physics.
the CLEs, namely in terms of exotic globs, fireballs, quark-gluon plasma and strange-matter physics. The Table clearly demonstrates that the MBH interpretation, if not better, is certainly not worse than any alternative proposed so far. Most of them can qualitatively describe one or two peculiarities of the CLEs (usually relying on fine tuning of relevant parameters), but either directly contradict other properties of the CLEs, or postulate necessary features refering to our bad knowledge of the strong interaction processes 2 . The MBH hypothesis suffers from the similar problems, but to a relatively lower degree: its advantage is the potential to explain all the CLE properties at once (no worse than the other approaches, targeted at these properties) and, furthermore, it offers somewhat less freedom to arbitrarily adjust different predictions. Moreover, our proposal could easily be ruled out by already existing computer programs of Monte Carlo simulations, if applied to confront our hypothesis with the CLE observations. We believe that evaporating MBH are strong candidates for the origin of unusual cosmic-ray events like the CLEs and the whole scenario deserves serious consideration and analysis. Section 2 is devoted to a brief presentation of the properties of MBH in the context of TeV-gravity with large extra dimensions, while in Section 3 the main features of the Centauro events are described. A brief review of previous proposals to explain the origin of these events is the content of Section 4. Section 5 contains the presentation of the idea of evaporating MBH as the origin of Centauros / Chirons. We end with some conclusions and the Table with our results and the comparison to other proposals.
TeV-Gravity models and mini Black Holes
Consider a flat 3-brane embedded into D = 4 + n-dimensional space-time with topology R 4 × T n , and denote by r c the characteristic size of the compact space T n . If T n is highly asymmetric, its largest dimensions play the main role in our considerations, so that n is actually the number of largest dimensions of comparable size. This means that n can be smaller than 6 even though the fundamental superstring theory is 10-dimensional. The strength of D-dimensional gravity in the bulk is defined by the fundamental Planck mass M P , which expressed in terms of the string scale and coupling is M D−2 P = M D−2 s /g 2 s . In the framework of TeV-gravity models M P is of the order of a few TeV, or even less. The strength of gravity at large distances on the brane (distances ≫ r c ) which is defined by the physical Planck mass, M P l ∼ 10 19 GeV = 10 16 T eV , is given in terms of M P and r c by
A MBH [7, 8, 3] 
is essentially D-dimensional and has a Schwarzchild radius
Hawking temperature
and entropy
2 In fact, it seems to us that the hadronization/fragmentation part of various relevant processes, obtained by extrapolation of experimentally tested results to higher energies is rather reliable. What is worse, the models involving strangelets (most popular among the attempts to explain the CLEs) depend, in addition, on ad hoc assumptions about the properties of hypothetical strange matter (both its formation and decay). As a rule, it is just optimistically assumed that these properties will exactly match those of observed CLEs. At the moment, it seems rather hard to decide about the validity of these assumptions. 3 Note that the upper limit, RS ≪ rc, defining the boundary between D-dimensional and 4-dimensional black holes is impressively large in TeV-gravity models: for D = 10 and MP ∼ 1 TeV, it is of the order of 10 16·7/3 MP ∼ 10 37 T eV ∼ 10 13 kg.
In these formulas
is the area of the (D-2)-dimensional sphere with the unit radius and κ = (D − 2)/32. MBHs evaporate due to Hawking radiation with life time defined by the inverse Hawking temperature,
For the purposes of the present paper we need the small MBHs with masses just slightly exceeding M P . For large values of D ∼ 10 the powers 1/(D − 3) are small enough to make everything practically independent of the specific value of M BH . In particular, such a MBH has a negligibly small life time ∼ 1/M P ∼ 10 −27 s for M P ∼ 1 Tev. Most of the radiation is emitted in brane modes, since they are more numerous than the bulk ones [9] . The number of originally emitted particles is defined by the entropy
each of them carrying energy of the order of magnitude of T BH . These primary particles can be anything with masses below M P , and emission of all degrees of freedom are equally probable (for instance, no α-factors are present to suppress the creation of leptons). Hadronization of emerging quarks and gluons provides a lot of additional soft mesons with energies much lower than T BH , and the actual multiplicity N ≫ N in . According to the stringy description of black holes, after evaporation they can leave remnants which are some excited stringy states [10] (which, in particular, carry all the information, absorbed by the black hole) and further decay into massless particles with the rate, regulated by the string coupling constant g s [11] . Black holes with the masses below M P do not exist. Finally, it will be assumed that the cross-section of MBH production is close to its geometrical cross-section 4 σ BH = πR 2 S η,
and does not depend on what kinds of particles collide to produce the MBH, (i.e. on whether they interact strongly, weakly, or electromagnetically), but only on the center-of-mass energy of the collision.
The Centauro-like events
Centauro-like unusual events are observed in cosmic ray experiments high on the mountains [15, 16, 17, 18] Chacaltaya and Pamir. No events of this kind have so far been observed at Mts.Kanbala and Fuji, where similar experiments started operating more recently. Their two-storied emulsion chamber consists of two parts, one above the other, separated by a target layer (polyethylene) and an air gap (or carbon gap). Each emulsion part is a multiple sandwich of lead plates and sensitive layers (X-ray film and/or nuclear emulsion plate) to detect electron showers produced in the chamber through the cascade by the incident γ or electron. Hadrons are detected since they produce a bundle of γ-rays through a nuclear collision with the lead. However, as soon as the mean free path of hadrons is quite large (18.5 cm) , most of the hadrons are registered in the lower chamber, while the electromagnetic component is registered exclusively in the upper chamber that is practically not transparent for it. The usual interpretation of high energy cosmic ray events is as follows: an incoming cosmic particle (nucleon or nucleus) collides high in the atmosphere with a nucleus of the air. The collision is inelastic, the biggest fraction of energy being carried away by one or few "leading particles" (predominantly hadron jets, since creation of leptons is suppresed by powers of α = 1/137), most of which have large (p T ∼ E cm /c ≫ 10 Gev/c) transverse momenta and are typically not observed in the detector. The detector captures a fraction K ≪ 1 (inelasticity coefficient) of collision energy, in the form of numerous "soft" fragments with small p T ∼ Λ QCD /c ≤ 1 Gev/c produced during hadronization of the leading particles (remnants of a QCD string stretched between the scattered partons). These are the particles observed in the emulsion chambers and their energy can be measured by studying the track lengths in the emulsions and films. These particles are normally assumed to be π-mesons, π ± being seen as hadrons in the chambers, while π 0 s which "instantly" decay into 2γs, are seen as photons. Since isospin is conserved in strong interactions, the production of all three kinds of π-mesons is equally probable, this gives the normal ratio #photons/#hadrons ≡ N γ /N h ∼ 1. In fact this ratio is closer to 2 and even more, since the electronic and photonic content increases through the shower formation as the products of interaction descent towards the chamber. The total observed energy E obs = KE lab and for hadron collisions K is normally taken to be ∼ 0.2 for scattering on the nucleon and ∼ 0.4 for scattering on the π-meson.
The CLEs are observed in the energy region of E lab ≥ 500 TeV. At these high energies a whole new variety of unusual events is observed. They all deviate from the above standard pattern and the CLEs are the most pronounced among them. See [18] for a comprehensive review. The characteristic properties of these events are also shown in the Table at the end of the paper. The main peculiarities of the CLEs are the following [18, 16] :
• The events observed take place rather close to the detector (from tens to hundreds of meters) rather than in the high atmosphere. This means that: a) the incindent particle managed to penetrate deeply into the atmosphere, b) immediate products of the collision are seen: no time for any development of secondary showers is available, and c) similar events, if they occur at all in high atmosphere, are either not detected by the chambers or do not look anomalous
• The events are hadron-rich, i.e. the ratio of energies of the observed photons and hadrons is unexpectedly low (for instance, in the single superclean Centauro II event of Chacaltaya, it is just zero), which means that there are very few π 0 created. To get a flavor of figures, among 305 registered events from Chacaltaya and Pamir joint chambers [19] , the Centauro-like (or hadronrich) constitute up to 14%, or even up to 20%. However, this figure can be decreased to ≥ 0.1% if one takes into account only the super clean Centauros (see footnote 22).
• Detected hadrons have p T ≥ 1.5−15 GeV/c, much larger than expected (normally, the soft mesons have p T < 1 GeV/c).
• Sometimes, traces are left by some strongly penetrating cascades (the so-called mini-clusters, i.e. clusters of particles with very small lateral spread corresponding to very low mutual transverse momenta ∼ 10−20 MeV/c) travelling at ultrasmall angles (≤ 10 −6 radians) in the forward direction of the family, interacting abnormally weekly with the emulsion and, hence, leaving traces of unusual type (anomalous transition curves) called halo. They cannot be interpreted by standard means and are proposed to be non-electromagnetic remnants of an incoming cosmic particle, continuing to move along its original trajectory. The halo is usually observed in the "Chiron" events characterized by especially large transverse momenta (∼ 10 − 15 GeV/c), smaller multiplicity (10-20 particles as compared to 60-90 in the standard Centauro events) and existence of unusual hadronic component with the short mean free path ∼ 1/3−1/2 of the nucleon geometrical collision mean free path.
• All these anomalous effects appear only for high enough energies of incoming particle, while at low energies there is nothing similar, i.e. the effect has an energy threshold (for figures, see the Table; these figures depend on various simpifying assumptions, as for instance the value of K).
4 Previous proposals to explain the Centauro-like events
The two main lines of thought to explain the CLEs attribute their anomalous features either to a conjectured change of the properties of strong interactions at high energies, or to exotic cosmic particles. As it will become clear in the next section, our hypothesis is sort of a combination of these two approaches.
Exotic incoming particles. Exotics for cosmic ray physics are all stable particles but nucleons, nuclei and photons. In particular, exotics are the leptons. The only Standard Model particle of this type, which is really a component of the cosmic rays, is the neutrino. 5 A sufficiently high flux of cosmic neutrinos with kTeV energies is expected to exist [20] . They do not participate in strong and electromagnetic interactions, while their weak interactions are no longer negligible at energies above M W , the typical cross section being 6
Remarkably, with this cross-section the mean free path of high-energy neutrinos inside the Earth is comparable with the radius of the Earth λ ∼ (10 −10 m) 3 /10 −37 m 2 ∼ 10 7 m.
Exotic globs. This approach just postulates the properties of hypothetical cosmic particles that are not Standard Model particles but some "extraterrestrial objects" that give rise to the CLEs. The required properties are:
• The object has a non-vanishing mass M which serves as a threshold for the object-related events.
• The object can either decay instantly or interact with atmospheric nucleons, but it anyway should live in the atmosphere long enough to penetrate deeply and reach the detectors before its decay/collision.
• The products of reaction (decay or collision) do not contain (or contain few) π 0 s and produce other hadrons and/or leptons with somewhat transverse momentum p T higher than expected in QCD.
• If necessary, after the decay, the object can leave non-electromagnetic, strongly interacting projectiles.
Various kinds of hypotherical quark matter have been considered for the role of exotic globs. Today the most popular candidate to play the role of such extraterrestrial objects is cosmic strangelets [22, 23] .
Strangelets. If an s-quark is embeded into the Fermi liquid of u and d quarks, it cannot decay because all the energy levels for the would-be created u or d quarks are occupied. At the same time, it can be energetically profitable for some u and d quarks to turn into s-quarks since this could lower the level of the Fermi surface. In this way, one could presumably form some stable "strange matter" with non-vanishing concentration of strange quarks [24] . Ordinary matter consisting only of u and d quarks is known to be less stable than the nuclei with the same quantum numbers (just because these latter do not decay into quark matter) and can only be artificially created in the form 5 Electrons, which are light and charged cannot appear in high-energy cosmic rays. 6 This is to replace the usual
valid for s ≪ M 2 W (i.e. for E lab ≪ 10 TeV). For better estimates of the cross-section, taking into account the quarkdistribution functions see ref. [21] . The authors conclude that the actual cross-section continues to slowly grow with energy as E 0.363 lab , at least up to E lab ∼ 10 8 T eV .
of unstable quark-gluon plasma (QGP). However, one could expect a stable configuration to exist, formed from roughly equal numbers of quarks of all three kinds (so that the charge/mass ratio is small). It is believed that "strange stars" and "primordial strange matter" may exist in the Universe and (for different reasons, see, e.g. [25] ) they can emit "strangelets", relatively small pieces of strange matter that can exist in cosmic rays bombarding the Earth. Alternatively, strangelets can be created in nucleus-nucleus collisions in high atmosphere. Whatever their origin, strangelets while travelling through the atmosphere slowly loose mass, until they reach the phase transition point and instantly decay. This idea is considered as the most popular explanation of the CLEs, because the pattern of strangelet decay should be different from that of an ordinary hadronic collision. However, it is not very clear how the concrete peculiarities of CLEs will be reproduced in this way 7 .
Peculiarities of strong interaction at high energies and densities. In the absence of a satisfactory solution to the confinement problem, the implications of strong interactions in any experimentallyunreachable domain are not reliably understood. The properties both of hadronization/fragmentation at ultra-high energies and of hypothetical diffractive hadronic fireballs [26] , the quark gluon plasma (QGP) with disoriented chiral condensate (DCC) 8 [29] and strange matter [30] are subject to speculation. It is commonly believed that most of the existing models have the potential to explain certain features of the CLEs, but no convincing evidence has been provided so far by any of these approaches (see, e.g., [17] ). The hypothesis of evaporating MBHs, to which we turn next, adds one more model to the list.
Evaporating MBHs as an explanation of the CLEs.
The way and extent to which MBHs can account for the characteristics of the CLEs is as follows:
• The MBHs can be created only at energies E cm ≥ M P , i.e. there would be a threshold effect.
• The MBHs evaporate instantly, their life time in the rest frame being ∼ 1/M P ∼ 10 −27 s (assuming M P ∼ 1 TeV). They produce particles of all kinds (at least from among all the ∼ 120 7 Let us give an example of a somewhat sophisticated reasoning in favour of the strangelet scenario. The smallness of the ratio Nγ /N h in this approach is qualitatively ascribed to the dominance of strange particles in strangelet decay products. This happens not only because the strange quarks are present and u and d can combine with them in forming mesons or baryons, but also because the formation of bound states of u's and d's is damped inside the Fermi liquid. In the most radical scenario of this type [22] , immediate products of the decay are only baryons and π's are created only in decays of strange baryons, with at most one π per baryon, i.e. the fraction of π 0 s is ∼ 1/3 times ∼ 1/2 for the probability to have strange baryons created. Moreover, not all (but rather 30-50%) of these π 0 s have sufficient energy to produce γ-quanta, observable in the detectors (for this the energy/quantum should exceed a few TeV, for x-ray films depending on experimental conditions, or 0.1 TeV for nuclear emulsion plates). Altogether this can give an estimate as low as 5% (and thus 10% of γ's) for the fraction of adequate π 0 s as compared to the total number of emitted baryons, which are seen as hadrons in the detector, i.e. Nγ /N h ∼ 0.1. 8 In the language of the linear σ−model for the chiral transition in QCD, with Φ = (σ, π i ) the relevant effective field, the DCC scenario (see also some DCC-Centauro related matter in [27] ) assumes that as the hot QGP (symmetric phase with < Φ >= 0), assumed to be produced in high energy collisions of hadrons and heavy ions, expands and cools, the chiral symmetry breaks spontaneously and a condensate with non-vanishing < Φ > will be formed. It will not necessarily be oriented along the σ-axis, but can occasionally lie in the π + π − plane (orthogonal to π 0 ). Then, in the transition process to the ordinary vacuum, π 0 s need not be created at all. If instead the condensate initially pointed along the π 0 direction, only π 0 s will be created, leading to the hadron-poor events, with anomalously high Nγ /N h . Such anti-Centauro events have indeed been observed but in much smaller numbers in a very different baloon experiment JACEE [28] at the top of the atmosphere, which, on the other hand, has not yet observed any CLE. This, perhaps, can be ascribed to the lower probability for the chiral condensate to point along the π 0 axis than along the π + π − plane, or just to a small area and short time of exposure in the JACEE experiment, as compared to the Chacaltaya-Pamir experiment. In fact, it is generally quite ambiguous to compare these experiments because of different conditions. DCC is considered an elegant theoretical idea to explain the low level of π 0 in the CLEs. Still, even if the DCC exists at all, it does not seem sufficient to explain the other CLE peculiarities.
particles of the Standard Model, with spin and color degrees of freedom been independently taken into account). The original multiplicity of the decay products is ∼ S BH = π 2 M BH R S , while their characteristic energy and p T ∼ T BH ∼ M P ∼ 1 TeV. These are presumably the leading particles and in the centre-of-mass frame of the MBH they are emitted isotropically. This looks like a typical fireball situation, but the fireball (MBH) temperature is very high ∼ T BH ∼ 1 TeV and only a fraction of radiated particles is observed in the chambers. Therefore, the properties of the soft component, its p T -distribution, the level of π 0 (2γ) and the coefficient K (in this case, it measures the ratio of the observed energy to the total mass of the black hole) have no reason to be close to the standard hadronic quantities. Moreover, since among the initially produced particles the fraction of u and d quarks is very small, the discussion in footnote 7 can be applied even more succesfully to explain the low value of N γ /N h . Existing simulations for the search of MBHs in accelerators [5] clearly imply that the p T distribution is broader and the ratio photons/hadrons lower than for ordinary hadronic interactions. Besides, the neutrino-produced MBHs are predicted to give rise to deep penetrating showers. If these results match the CLEs not only qualitatively, but also quantitatively is still to be checked.
• The cross section of MBH production in hadronic collisions is ∼ 1
, i.e. ∼ 10 −6 of the typical hadronic cross section. This ratio is big enough to guarantee the observation of evaporating MBHs in the high-luminosity accelerator experiments on TeVatron and LHC -if the TeV-Gravity models are true at all and if the accelerator center-of-mass energy exceeds M P 9 . However, it seems too small to explain not only the optimistic 20% level of the hadron-rich events, but even the very modest level 10 −3 of the superclean Centauro events as compared to the ordinary hadronic production cross section in high-energy cosmic rays. This is the main problem for our hypothesis and seems to rule out the possibility that Centauros are decays of MBHs produced in hadronic collisions, say between cosmic and atmospheric nucleons. A possible way out is to assume that the MBHs are created in collisions of more exotic cosmic ray particles.
For instance, one could rely on the by-now standard expectation that MBHs in cosmic rays can be produced by cosmic neutrinos colliding with atmospheric particles [4] . Then, the frequency of such events will depend on the cosmic neutrino flux, which is not yet directly measured and can be only taken from astrophysical models and estimates [20] . The usual expectation is that the flux is sufficient to make the MBH events observable, provided M P is in the TeV region. A possible neutrino-MBH origin of CLE would also explain their deep-penetration property, i.e. the fact that events are observed deep in the atmosphere close to the detectors. The cross section of MBH production by neutrino-nucleon collision is ∼ R 2 S ∼ 1/T eV 2 , i.e. comparable with (7) . Thus, in contrast to the nucleon-nucleon case, the MBH creation is in no way damped as compared to the Standard model interactions, and sufficiently high neutrino flux could make the number of MBH events comparable with that of nucleon-nuleon collisions, without creating a lot of new events due to conventional neutrino-nucleon scattering. A peculiarity of the νproduced MBH events would be the equivalence of all possible directions of incoming neutrinos, i.e. not only vertical, but oblique and even horizontal showers should be equally probable 10 (see [32] on special searches of such showers). Moreover, the upward directed showers caused by neutrino collisions with Earth nuclei would be also possible. In addition, there should not be any dependence of the probability of creating MBHs on the altitude above sea level. The experimental situation is unclear: (a) no up-side-down showers were observed, but we are not aware if such attempts have been made at all; this is basically determined by the geometry of the experiment 11 , (b) fewer Centauros in Pamir, 4300 m (600 g/cm 2 ) than in Chacaltaya, 5200 9 Today's lower bound on MP from TeVatron data is MP ≥ 0.6 TeV [31] , though in more sophisticated scenaria including warp dimensions it can be even lower. 10 Since the Earth is effectively 36 times thicker in horizontal than in vertical direction, the horizontal showers are practically excluded for the ordinary cosmic rays. 11 For example, the upside-down showers may be fully absorbed by the basement. Also, as mentioned in the footnote 6, the flux of neutrinos coming through the Earth can be somewhat diminished. m (540 g/cm 2 ) are observed so far 12 , but this data can in no way be decisive, since on the higher Mts. Kanbala, 5500 m (520 g/cm 2 ) no Centauros at all have been reported yet.
Still, if cosmic neutrinos also turn out not to be adequate for efficient MBH production, the remaining possible source of MBHs are exotic cosmic particles, presumably not involved in strong interactions 13 (some yet unknown components of dark matter?).
• After evaporation, the MBH is expected to produce an excited stringy state, which later decays into massless particles. Their rate of decay depends strongly on the excitation level, and their life time can be considerably larger than τ BH ∼ M −1 P (see, e.g., [11] ), so that these stringy states could probably play the role of the projectiles with unusual behaviour, potentially responsible for the halos.
• At least three different families of CLEs with rather different characteristics seem to be observed (see Table) . If they are indeed well separated from each other, rather than forming a smooth distribution, they might be attributed to decays of different types of MBHs or those of their remnants. Alternatively, one could attribute, say, Centauros to decays of strangelets, while Chirons to evaporation of MBHs. One should also check whether other unusual events, such as the ones observed in primary cosmic rays at high atmosphere in experiments with the baloon [33] (objects observed with large masses (> 0.35 TeV and even > 1 TeV) and relatively low charges ) which are usually explained as strangelets, could actually be charged black holes.
Conclusion
A preliminary analysis was presented of the idea that the well-known Centauro or even better the Chiron events are due to evaporating mini black holes with mass of O(TeV), as predicted to exist in the TeV-gravity models with large extra dimensions. A comparison with other proposals to explain these events was made. The present experimental data on the main characteristics of the Centauro and/or Chiron events do not seem to rule out the hereby proposed explanation. In fact, a quick glance at the Table indicates that the mini black hole proposal is certainly not worse than other ideas put forward in the literature. Our study, however, is just a first step towards a thorough analysis of several unusual events in cosmic ray physics, and the possibility that they may be attributed to mini black holes. A lot more has to be done. For instance, a more detailed numerical analysis and simulation of the production and decay of a MBH, such as the one performed for LHC, might rule out the present idea. Therefore, it is of importance to make accurate simulations of the events within this scenario. Also, the study of the evaporation of rotating and/or charged mini black holes may open new directions of theoretical explanations of some of the unusual events. In the experimental front, it would be very important to obtain more information and better statistics on the properties of these events, as well as to investigate the directional dependence of the events, their altitude distribution and so on. All this is crucial information which distinguishes the various proposals.
It is undoubtedly so important to find out if the fundamental quantum gravity scale is as low as a few TeV, as suggested by the type-I superstring theory models with large extra dimensions, that all possible consequences deserve exhaustive theoretical and experimental study. 
